Autosomal recessive parkinsonism genes contribute to maintenance of mitochondrial function. Two of these, PINK1 and parkin, act in a pathway promoting autophagic removal of depolarized mitochondria. Although recruitment of parkin to mitochondria is PINK1-dependent, additional components necessary for signaling are unclear. We performed a screen for endogenous modifiers of parkin recruitment to depolarized mitochondria and identified hexokinase 2 (HK2) as a novel modifier of depolarization-induced parkin recruitment. Hexose kinase activity was required for parkin relocalization, suggesting the effects are shared among hexokinases including the brain-expressed hexokinase 1 (HK1). Knockdown of both HK1 and HK2 led to a stronger block in parkin relocalization than either isoform alone, and expression of HK2 in primary neurons promoted YFP-parkin recruitment to depolarized mitochondria. Mitochondrial parkin recruitment was attenuated with AKT inhibition, which is known to modulate HK2 activity and mitochondrial localization. We, therefore, propose that Akt-dependent recruitment of hexokinases is a required step in the recruitment of parkin prior to mitophagy.
INTRODUCTION
Mutations in several different genes cause autosomal recessive parkinsonism in humans (1) . Several lines of evidence suggest that two of these, parkin and PINK1, share a common genetic pathway (2 -4) whose critical function is to remove damaged mitochondria from the cell (3).
PINK1 is a mitochondrial kinase whose protein levels are regulated through voltage-dependent proteolysis (5, 6) . Parkin, an E3 protein-ubiquitin ligase (7) , is typically cytosolic or nuclear but under conditions of mitochondrial depolarization is relocalized to the outer mitochondrial membrane (OMM) (3) . Once recruited, parkin ubiquitylates several OMM proteins, leading to the removal of the ubiquitin-tagged depolarized mitochondria (3, 8, 9) .
Parkin relocalization is dependent upon the accumulation of PINK1 on the OMM and its kinase activity (10) (11) (12) . Whether additional pathways are required for these events is unclear. Therefore, we undertook a genome-wide shRNA knockdown screen in an unbiased evaluation of the requirement of each gene for parkin recruitment. We recovered PINK1 and identified hexokinase 2 (HK2), which catalyzes the conversion of glucose to glucose-6-phosphate, as a novel modifier of parkin recruitment to mitochondria. We show that hexokinase activity is critical for parkin recruitment and acts downstream of Akt, known to control recruitment of hexokinases to mitochondria (13) (14) (15) (16) , but upstream of PINK1. These results suggest that cellular signaling plays an important role in the activity of PINK1/parkin.
RESULTS

High-content screen for modifiers of carbonyl cyanide m-chlorophenylhydrazone-induced parkin relocalization to depolarized mitochondria
As parkin is localized to the cytosol under basal conditions but PINK1 accumulates on the OMM, we hypothesized that there would be additional proteins necessary for parkin recruitment to depolarized mitochondria. To investigate this in an unbiased manner, we used genome-wide shRNA interference to screen for modifiers of parkin recruitment to depolarized mitochondria in cells treated with CCCP.
We transfected Flp-In HeLa cells expressing YFP-tagged Parkin (3) with mitochondrially targeted DsRed2. For initial assay optimization, we confirmed that these cells rapidly recruited parkin to mitochondria. As an automated measure of relocalization, we used Pearson's correlation coefficient for the signal intensity between areas of MitoDsRed2 fluorescence and regions of YFP-parkin fluorescence. We also calculated the number of cells that had a correlation coefficient more than 2 standard deviations from the population mean (i.e. did not have parkin relocalization) (Supplementary Material, Fig. S1A ). Parkin recruitment using either measure was substantially complete at concentrations of CCCP .1 mM within 1-2 h of exposure (Supplementary Material, Fig. S1A and B). We next transduced this cell line with four different lentiviral shRNA constructs targeting endogenous PINK1 and treated with CCCP (2 mM, 1 h, 378C). As reported, shRNA-mediated decrease of PINK1 expression in HeLa cells decreased YFP-parkin translocation under depolarizing conditions ( Fig. 1A) (17, 18) . Under control conditions, .90% of cells had low correlation between parkin and MitoDsRed2, and after CCCP treatment ,10% of cells had low correlation coefficients. This effect was reversed with 40-60% of cells not responding to CCCP by application of any of four independent shRNA sequences against PINK1 (Fig. 1B) . These results show that the HeLa-derived cell line exhibited PINK1-dependent CCCP-induced recruitment of parkin to mitochondria as expected (17, 18) .
We next undertook a genome-wide shRNA screen to find additional modifiers of parkin recruitment. We utilized a library of 75 000 independent clones targeting 15 000 genes. We transduced each construct independently and measured parkin relocalization following treatment with 2 mM CCCP. On each plate, we included controls of non-transduced untreated cells, nontransduced CCCP-treated cells and PINK1 shRNA-transduced, CCCP-treated cells (Fig. 1C) . These controls allowed us to count the percentage of cells without relocalization, as well as ensured that lentiviral transduction was efficient for each plate. Throughout the screen, these different control conditions were effectively separated and we calculated a z-score between untreated and CCCP-treated controls of 0.706 (Fig. 1C) . For the screen, we used a slightly longer timepoint (2 h) than the initial shRNA experiments (1 h; Fig. 1A and B) to minimize the number of genes that might marginally slow parkin recruitment rather than block it. Furthermore, because a PINK1 shRNA control was used on each plate, we were able to show that the block in parkin recruitment mediated by PINK1-deficiency was maintained at 2 h. (Fig. 1C) .
Screen data were ranked by false discovery rate (FDR)-adjusted P-values generated from two-proportion z-tests of the percentage of cells for each shRNA construct without parkin relocalization. The mean percentage of cells without parkin recruitment across all shRNA-transduced and CCCP-treated conditions was 14.36%. Eighteen genes met the criteria of having at least three clones arrayed on multiple plates with significantly different recruitment. After a secondary screen, two genes were validated as modifying parkin recruitment. We recovered eight clones for PINK1, distinct from the positive control PINK1 clone included in the screen. We additionally found seven shRNA clones for HK2 and confirmed four of these in the validation step (Fig. 1D, Table 1 ). We, therefore, considered HK2 to be a novel candidate modifier of parkin recruitment to mitochondria.
Endogenous HK2 modifies parkin recruitment to mitochondria
We next generated a series of HeLa clones with stable expression of five different lentiviral shRNA constructs targeting HK2 and a stable PINK1 shRNA line in parallel. Stable integrated clones each expressing one of the five different shRNA sequences had lower HK2 mRNA ( Fig. 2A ) and protein levels (Fig. 2B) , with residual HK2 protein of 20-30% of the parental line (Fig. 2C) . For all five independent HK2 sequences, the reduction in HK2 protein levels resulted in attenuated CCCP-dependent YFP-parkin mitochondrial recruitment ( Fig. 2D and E) . Having established that all five sequences were effective in blocking CCCP-induced parkin recruitment, we took two HK2 shRNA sequences forward for subsequent experiments, with some additional controls for off-target effects used in later experiments.
The above effects could represent either a slowing of parkin recruitment or a limit in the total amount of parkin recruited. To distinguish between these possibilities, we used live-cell assays to visualize the same cells over several hours after CCCP treatment, counting the area of discrete YFP-parkin-positive signal per cell. In control cells, the maximal recruitment signal occurred by 2 h (Fig. 2F) . Although the amount of recruitment was diminished in the PINK1 shRNA line and HK2 cell lines, the time course appeared similar (Fig. 2F) . We, therefore, infer that deficiency in PINK1 or HK2 limits total parkin recruitment rather than slowing the kinetics of recruitment.
HeLa cells in culture can be induced to remove all mitochondria by autophagy after extended exposure to CCCP (3). To determine whether HK2 deficiency blocks mitophagy, we assayed total mitochondrial volume by staining for TOM20. Similar to recruitment of parkin, we found that either PINK1 or two independent HK2 shRNA sequences could completely block the removal of mitochondria after exposure to 2 mM CCCP for 24 h (Fig. 2G and H) .
These results suggested that in both transient assays (Fig. 1D ) and in stable cell lines ( Fig. 2D and E) , endogenous HK2 is required for recruitment of parkin to mitochondria and subsequent mitophagy. Two sets of experiments were performed to exclude trivial explanations for these effects unrelated to HK2 knockdown. We were first concerned that the shRNA sequences might have off-target effects directed against PINK1. However, PINK1 mRNA levels were unchanged with HK2 knockdown even though we could reliably detect a decrement in the PINK1 shRNA stable cell lines (Supplementary Material, Fig. S2A ). Second, we investigated whether cell lines with HK2 knockdown displayed any differences in mitochondrial membrane potential. Using tetramethylrhodamine ethyl ester (TMRE) to label active mitochondria in the PINK1 and HK2 cell lines, we observed no difference in basal TMRE fluores- Hexokinase activity is genetically upstream of PINK1 and crucial for parkin recruitment in HeLa cells and in primary cortical neurons
To further exclude that off-target effects of shRNA sequences were responsible for diminished YFP-parkin recruitment, we performed rescue experiments by reintroducing HK2 expression plasmids into the stable HK2-deficient cell lines. We also tested whether hexokinase activity is necessary for HK2 to support parkin recruitment by comparing transfection with either a wildtype (WT) or D209A/D657A HK2 construct that cannot phosphorylate glucose (19) . Both variants of HK2 were expressed at similar steady-state levels as estimated by western blotting (data not shown). We found that WT, but not catalytically inactive HK2, could rescue parkin relocalization in HK2-deficient cell lines ( Fig. 3A and B) . Interestingly, HK2 expression had no effect on parkin localization following PINK1 knockdown. These results suggest, first, that it is hexokinase activity that controls parkin recruitment and, second, that PINK1 is required for the effects of HK2 in HeLa cells.
There are two active hexokinases in humans, HK2 and HK1. Based on the above results, we inferred that either HK1 or HK2 should be able to support parkin relocalization. However, HK1 was not recovered in the initial screen in HeLa cells (Supplementary Material, Table S1 ). To resolve whether HK1 could substitute for HK2, we first examined relative HK1 and HK2 protein levels in HeLa cells compared with brain (Fig. 3C) . We found that HK2 was expressed at higher levels in HeLa cells than in the brain and, conversely, HK1 was expressed at high levels in the human cerebral cortex or the midbrain, with only modest expression in HeLa. These results suggest that hexokinase activity might be related predominantly to HK2 in HeLa cells. However, there is some HK1 expression and it was, therefore, possible that the residual parkin recruitment seen with HK2 knockdown might represent HK1. To address this, we performed dual knockdown of both isoforms and found that there was an additive effect of knocking down HK1 on an HK2 background (Fig. 3D) . Furthermore, parkin recruitment in HK2 knockdown HeLa cells was rescued by overexpression of kinase active, but not kinase-dead (D657A) HK1 (Fig. 3E) . These results suggest that both HK1 and HK2 contribute to parkin relocalization but that in HeLa cells, HK2 activity predominates.
It has been controversial whether parkin can be recruited to depolarized mitochondria in neurons, with both positive (3, 18, 20, 21) and negative results reported (22) . Potentially relevant in the context of glucose metabolism, the metabolic state of neurons has been suggested to regulate parkin recruitment (22) . We, therefore, decided to repeat the above experiments in neurons.
Based on expression patterns described above (Fig. 3C) , we reasoned that we would be unlikely to be able to knockdown HK2 in neurons, and so we used overexpression of HK2 with the kinase-dead variant as a negative control. In our hands, without exogenous expression of hexokinase (i.e. with endogenous HK1/2 only), 25% of neurons showed clear parkin relocalization in neurons although with longer exposure to CCCP (Fig. 3F and G) . In agreement with experiments in HeLa cells, we found that expression of WT, but not kinase-inactive HK2 promoted increased CCCP-dependent mitochondrial YFPparkin localization in neurons (Fig. 3F and G) . These results suggest that hexokinase activity promotes parkin recruitment in multiple cell types, including neurons.
One proposed explanation for previous negative results for parkin relocalization in neurons is that CCCP-induced relocalization of parkin to mitochondria does not occur in cells reliant on oxidative phosphorylation (22) . Given that hexokinase activity is thought to be critical for a shift from oxidative phosphorylation to glycolysis (23), we decided to examine how metabolic status would affect these results. First, we used oligomycin to inhibit mitochondrial H+ ATP synthase and block glycolysis, and found that the effects of HK2 knockdown, but not PINK1 knockdown, were reverted (Fig. 4A) . Second, we confirmed previous results that growth of HeLa cells on galactose rather than glucose prevented CCCP-induced parkin relocalization (22) , and further showed that this was seen in both HK2-and PINK1-deficient cells (Fig. 4B) . These results suggest that parkin relocalization under conditions of mitochondrial depolarization requires both ATP synthesis and active PINK1 signaling.
Akt-dependent HK2 recruitment to mitochondria contributes to parkin relocalization
In the above experiments with neurons, we noted that HK2 was redistributed to mitochondria after CCCP treatment (Fig. 3F) . It has been shown previously that both glucose conversion to glucose-6-phosphate and HK-2-dependent cell survival are increased upon binding of HK2 with VDAC at the OMM (14, 24, 25) . We confirmed that we could recruit endogenous HK2 to mitochondria after CCCP treatment (Fig. 5A) . Interestingly, the recruitment of HK2 occurred both in control cell lines and in PINK1-deficient lines, suggesting that the effects of CCCP on HK2 recruitment are not signaled by PINK1.
The recruitment of HK2 to the OMM is enhanced by phosphorylation of HK2 at T473 by Akt (14, 26, 27) . To further understand the mechanism by which HK2 recruits parkin to mitochondria, we used pharmacological and genetic approaches. We first inhibited Akt signaling with two different Akt inhibitors, LY294002 and FPA-124 (50 mM each). Both compounds significantly decreased the amount of parkin recruitment after CCCP treatment (Fig. 5B) . The same effects were seen in both control cell lines and in HK2-deficient cells (data not shown). These effects were not and imaged by confocal microscopy. Effects of knockdown of both HK1 and HK2 on parkin recruitment. HeLa cells stably expressing YFP-parkin were transfected with siRNA against PINK1, HK1, HK2 or both HK1 and HK2 and were treated with 2 mM CCCP (2 h, low-glucose media) for 2 h, fixed and analyzed for the mean area of discreet YFP-parkin 'spots' per cell (n ¼ 5 wells per condition, error bars are SEM). Data from CCCP-treated conditions were analyzed by one-way ANOVA with Dunnett's post hoc test; * * * P , 0.001, significantly different from non-targeting control siRNA condition. (E) HeLa lines stably expressing YFP-parkin, MitoDsRed2 and either control, HK2 or PINK1 shRNA were transfected with V5-tagged LacZ, HK1 WT, HK1 KD, HK2 WT or HK2 KD constructs and treated with 2 mM CCCP (2 h, low-glucose media). Data graphed are the mean overlap area between YFP-parkin and MitoDsRed2 in cells co-expressing V5-tagged constructs (n ¼ 3 wells per condition, error bars are SEM). Data from CCCP-treated conditions were analyzed by two-way ANOVA with Bonferroni's post hoc test; * P , 0.05, * * P , 0.01, * * * P , 0.001, versus CCCP-treated control shRNA for each construct. (F) Primary cortical neurons transfected with YFP-parkin and V5-tagged LacZ, HK2 WT or HK2 KD constructs were treated with 10 mM CCCP for 6 h, fixed and labeled for TOM20 and V5. Scale bar: 20 mm. (G) Quantification of the proportion of neurons with discreet areas of mitochondria-localized YFP-parkin assessed under blinded conditions. P-values are by chi-squared test. explained by protection against mitochondrial depolarization, as TMRE staining was diminished after CCCP treatment in the presence of the two inhibitors, and LY294002 increased TMRE staining in the cells indicating hyperpolarization (Fig. 5C) .
Second, we investigated the ability of T473A mutant HK2 to support parkin relocalization in HK2-deficient HeLa lines (Fig. 5D) . We found that T473A or kinase-dead HK2 was unable to rescue parkin relocalization. Collectively, these results show Akt-mediated phosphorylation of HK2 at T473 is required for subsequent PINK1-and HK2-dependent parkin recruitment.
DISCUSSION
Here, we identified HK2 as a modifier of parkin recruitment to mitochondria prior to mitophagy in both transformed cells and neurons. Mechanistically, we show that the hexokinase activity of HK2 is critical and PINK1 must be expressed. Furthermore, we establish that Akt contributes to recruitment of parkin via phosphorylation of T473, resulting in recruitment of HK2 to the OMM.
Unbiased screens have been used recently to identify several aspects of parkin signaling, including interaction with (28) and ubiquitylation of HK1 and HK2 (9) . Here, the identification of multiple shRNA sequences for PINK1 demonstrated that the screen had worked, as this was an expected result (12, 29, 30) . Several approaches were used to authenticate HK2 as a modifier for parkin recruitment. First, we recovered multiple independent sequences from the initial screen. Second, we were able to replicate the effects with both transient knockdown and generation of stable lines. Third, in the stable situation, we used five independent sequences. Fourth, we were able to rescue the effects by re-expression of HK2 cDNA. Fifth, inactive mutants of HK2 could not rescue the shRNA, showing sequence specify. Collectively, these data show that HK2 is a true modifier of parkin recruitment.
We note that the relative expression of HK1 compared with HK2 is higher in the brain. However, the observation that hexokinase activity itself is required for parkin recruitment suggests that HK1 or HK2 should be equally effective in this pathway. Although we show that HK2 can promote parkin recruitment in neurons, it is likely that HK1 would be more important in the brain. Our results also show that Akt-dependent recruitment of HK2 to mitochondria is important. The recruitment of hexokinase to mitochondria supports glycolysis, allowing for energy metabolism in the absence of oxygen (23) . This has implications for both aging (31) and tolerance to oxidative stress (32), both processes implicated in Parkinson's disease. We speculate that (2 h) and the mean overlap area between YFP-parkin and MitoDsRed2 was measured using the co-localization bioapplication on the Cellomics VTI arrayscan (n ¼ 6 wells per condition). Values are mean overlap area, error bars are SEM. Data were analyzed by two-way ANOVA with Bonferroni's post hoc test comparing with DMSO control; * * * P , 0.001. (C) YFP-parkin stable HeLa cells were labeled with TMRE prior to pretreatment with AKT inhibitors and treatment with 2 mM CCCP. TMRE was imaged on the Cellomics VTI arrayscan (n ¼ 6 wells per condition). Points show TMRE intensities normalized to the 0 timepoint for each condition, error bars are SEM. Data were analyzed by repeated measures two-way ANOVA with Bonferroni's post hoc test comparing with CCCP-treated DMSO control; * P , 0.05, * * P , 0.01, * * * P , 0.001 (D) HeLa lines were transfected with V5-tagged LacZ, HK2 WT, HK2 KD or HK2 T473A constructs and treated with 2 mM CCCP (2 h, low-glucose media). Bars show mean overlap area between YFP-parkin and MitoDsRed2 structures in cells co-expressing V5-tagged constructs; error bars are SEM (n ¼ 4 wells per condition). Data were analyzed by two-way ANOVA with Bonferroni's post hoc test, * * P , 0.01, * * * P , 0.001, significantly different from CCCP-treated control shRNA. diminishment of Akt signaling would be of interest to examine in the context of parkinsonism, and there is some evidence that Akt signaling is altered in sporadic PD (33, 34) .
Our results show that HK2 expression will not rescue PINK1 deficiency, placing it downstream of PINK1 in a pathway. Interestingly, there is evidence of disruption of Akt signaling in PINK1-deficient cells (35) . Therefore, one interpretation of our data is that loss of PINK1 limits hexokinase activity and recruitment because of altered Akt signaling. Furthermore, mTor, a downstream target of Akt, plays a role in PINK1 phenotypes both in vitro and in vivo (36) . We, therefore, consider these observations to be consistent with a signaling pathway that involves control of recruitment of cytosolic proteins to the OMM. In this context, it is interesting that phosphorylation of T473 of HK2 by Akt has been recently shown to diminish the effects of oxidative stress in cardiomyocytes (37) . Therefore, we propose that Akt-mediated recruitment of hexokinase to mitochondria is a general cell biological pathway that is of benefit to protect against oxidative stress, which is also a function ascribed to PINK1 both in neurons (38) (39) (40) and in other tissues (41) .
Parkin has been shown to be recruited to the OMM in many studies (3, 8, 12, 17, 18, 20, 29, 30, 42, 43) . Whether this occurs in neurons has been controversial, although we note that it was robust under the conditions we tested. Our data would be consistent with the proposal that the PINK1/parkin pathway is dependent on bioenergetic status (22) , but suggest that part of the apparent discrepancy between studies may be related to the amount of hexokinase activity in neurons. Although it has been suggested that neurons are exclusively reliant on oxidative phosphorylation and glial cells alone are capable of glycolysis, there is evidence in the human brain that both pathways may be present in both cell types (44) . Specific conditions, including oxygen -glucose deprivation (24) , can induce HK2 in neurons, suggesting that PINK1-dependent parkin translocation could be active within neurons at least under some circumstances. Therefore, mitochondrial turnover by PINK1 may not be a constitutive pathway in all cells.
Once recruited to the OMM, parkin then ubiquitylates several target proteins (8, 9) . Of interest is that HK1 and HK2 are targets for parkin. As parkin binds to hexokinases, this may be part of the mechanism by which HK2 is required for parkin recruitment. This observation also suggests that parkin activity may be terminated by turnover of HK1/2 after ubiquitylation. If hexokinase activity were then lost, the PINK1/parkin pathway would not then be active.
The above data highlight that the signaling pathways important for PINK1-and parkin-mediated mitophagy, and by extension for recessive parkinsonism, have multiple additional aspects that are active in cells. Additional studies are required to identify whether there are further controls of the PINK1/ parkin pathway.
MATERIALS AND METHODS
Plasmids, cell lines and human tissue
The YFP-parkin HeLa cell line and the MitoDsRed2 plasmid were obtained from Dr Richard Youle (NINDS, Bethesda, MD, USA). The HK1 and HK2 constructs (45) were obtained from Addgene (Addgene plasmids 23730 and 23854) and transferred into pLenti6/V5-DEST using the Gateway recombination technology (Invitrogen). D209A/D657A and T473A mutations were introduced by the QuikChange II site-directed mutagenesis kit (Stratagene) and verified by sequencing. Frozen samples from the human frontal cortex (male, 45 years) and ventral midbrain (male, 48 years) were obtained from the NICHD Brain and Tissue Bank for Developmental Disorders at the University of Maryland Baltimore, MD, USA.
Cell culture and transfections
YFP-parkin stable HeLas were maintained in DMEM (Lonza) containing 4.5 g/l glucose, 2 mM L-glutamine and 10% fetal bovine serum (Lonza) with 200 mg/ml Hygromycin B (Invitrogen) for selection at 378C in 5% CO 2 . Transient transfection of HeLa cells was performed using PEI (polyethyeleneimine) (Polysciences) as described (46) or Lipofectamine 2000 (Invitrogen). Stable YFP-parkin/MitoDsRed2 HeLas were generated by Lipofectamine 2000 transfection followed by selection in 400 mg/ml G418 (Invitrogen) and subcloning in the presence of 200 mg/ml Hygromycin B and 400 mg/ml G418. YFP-parkin HeLa and YFPparkin/MitoDsRed2 cells expressing lentiviral shRNA constructs were generated by transduction with lentiviral particles at a multiplicity of infection (MOI) of 8 in the presence of 8 mg/ ml polybrene (Sigma), and selected with 2 mg/ml puramycin (Invitrogen). To further reduce HK2 levels, YFP-parkin/ MitoDsRed2-co-expressing HeLa cells were transduced twice more with lentiviral particles at 8 MOI on sequential days. All shRNA lines were maintained in the presence of 200 mg/ml Hygromycin B and 1 mg/ml puramycin. LY294002 (Calbiochem), FPA124 (Santa Cruz Biotechnology), oligomycin (Sigma) and CCCP (Sigma) were used as indicated. Transient siRNA transfections were performed using Dharmafect reagent 1 according to the manufacturer's protocol with each siRNA at 25 nM and cells were treated and harvested 3 days after transfection (Thermo Scientific). To measure parkin relocalization in the absence of glucose, cells were cultured for three consecutive passages in glucose-free DMEM (Invitrogen) supplemented with 10 mM galactose (Sigma) and 10% FBS before plating.
Primary cortical neuron culture and transfections
Primary neurons from cortices were prepared from C57BL6/J newborn (P0) pups. After tissue dissection, neuronal cells were dissociated by papain (Worthington), plated onto coverslips precoated with poly-D-lysine (Neuvitro) at 0.7 × 10 6 cells/well in Basal Medium Eagle (Sigma) supplemented with B27, N2, glutaMAX-I, (Invitrogen) and 0.45% glucose (Sigma-Aldrich). Three micromolar cytosine arabinoside (Sigma-Aldrich) was added the day following plating. Half of media was replaced at 1, 4 and 6 days after plating (DIV). Neurons were transfected at 7 DIV using a modified CaPO 4 method (47) and treated with CCCP 48 h following transfection. Animal studies were in accordance with the guidelines approved by the Institutional Animal Care and Use Committees of the National Institute of Child Health and Human Development, NIH.
Lentiviral shRNA screen
Transduction particles were purchased as the Mission Human Virus Library LIBHVI (Sigma). YFP-parkin/MitoDsRed2 stable HeLas were plated at 1200 cells per well in 96 well plates in 100 ml of DMEM (Invitrogen) and 10% FBS (Gibco). The following day, media was replaced with 95 ml of fresh media containing 8.4 mg/ml polybrene and cells were transduced with 5 ml of lentiviral transduction particles. On each plate, five wells were left untransduced and one well was transduced with a PINK1 shRNA (see Supplementary Material). The day after transduction, media was changed to 120 ml DMEM/10% FBS per well, and 72 h post-transduction, cells were treated for 2 h with 2 mM CCCP (Sigma) in serum-free DMEM. Two wells per plate were not CCCP-treated as negative controls for parkin recruitment. Cells were fixed in 50 ml of 4% paraformaldehyde (PFA) containing 1 mg/ml Hoechst. The Cellomics VTI ArrayScan co-localization bioapplication was used to quantify YFP-parkin mitochondrial localization by measurement of Pearson's correlation coefficient between areas of MitoDsRed2 fluorescence and regions of YFP-parkin fluorescence in the cytoplasm in 200 cells per condition. Raw data were filtered to exclude genes outside a 2-sigma cut-off or those that did not have three independent shRNAs. Two-proportion z-tests were performed for the percentage of cells for each shRNA construct with correlation coefficients .2 standard deviations below the mean of CCCP-treated non-transduced controls and calculated P-values were adjusted for multiple test correction using an FDR procedure. A series of genes with the lowest P-values and .3 shRNA clones, as well as 18 genes with at least 3 significantly different clones arrayed on multiple plates of the screen were validated under the same conditions used in the initial screen.
TMRE labeling
YFP-parkin HeLa cells were loaded with 80 nM TMRE and 1 mg/ml Hoechst in serum-free low-glucose DMEM (Invitrogen) for 15 min. Media containing 40 nM TMRE was added before imaging, and CCCP was added in the presence of 40 nM TMRE. All image capture and analysis was performed on the Cellomics VTI arrayscan using a live-cell chamber (378C, 5% CO 2 ). Analysis was performed using the spot detection bioapplication for TMRE-positive mitochondria within the cytosol, and mitochondria were measured for total intensity in a minimum of five fields at ×20 magnification.
SDS -PAGE and western blotting
Cells for western blot were lysed in 1× cell lysis buffer (Cell Signaling) with complete protease inhibitors (Roche), and lysates were clarified by centrifugation at 16 000 g for 10 min. Proteins were resolved on 4 -20% Criterion TGX pre-cast gels (Bio-Rad) in SDS/Tris -glycine running buffer, and transferred to polyvinylidenedifluoride membranes. Membranes were blocked with 5% nonfat milk prepared in Tris-buffered saline containing 0.1% Tween 20 and incubated for 1 -2 h at RT or overnight at 48C with the indicated primary antibody. Membranes were washed (3 × 5 min at RT), incubated with horseradish peroxidase-conjugated anti-mouse or rabbit IgG (Jackson ImmunoResearch Laboratories), washed again and developed using enhanced chemiluminescence plus reagent (Thermo Scientific). Primary antibodies used for western blot were rabbit anti-HK2 (Cell Signaling, 1:1000), rabbit anti-HK1 (cell signaling 1:1000), rabbit anti-cyclophilin B (Abcam 1:5000), rabbit anti-TOM20 (Santa Cruz Biotechnology, 1:5000), rabbit anti-GAPDH (Abcam, 1:3000), mouse anti-b-actin (Sigma, 1:5000), rabbit anti-MEK1/2 (Cell Signaling 1:1000). Human brain samples were processed using dounce homogenization in cell lysis buffer at 10% (w/v) on ice.
Immunofluorescence
Following fixation in 4% PFA, neurons or HeLas were blocked with 5% FBS in PBS with 0.1% Triton-X100. Primary antibodies were incubated for 2 h at RT or overnight at 48C. After washing with PBS, secondary fluorescently labeled antibodies (Invitrogen) were diluted in blocking buffer and incubated for 1 h at RT followed by washing and then mounting with ProLong Gold antifade reagent (Invitrogen) or stored in PBS for analysis on the Cellomics VTI arrayscan. Primary antibodies used for ICC experiments were rabbit anti-TOM20 (Santa Cruz Biotechnology, 1:1000), mouse anti-V5 (1:500, Invitrogen) and rabbit anti-V5 (1:1000, Abcam). All Alexa fluor secondary antibodies used for ICC were from Invitrogen and used at 1:500.
qRT-PCR analysis cDNA was synthesized from Trizol-extracted RNA using SuperScript III according to the manufacturer's instructions (Invitrogen). We measured cDNA abundance using Sybr Green on an Applied BioSystems HT-7900 qRT-PCR system with b-actin as a normalization gene. We performed serial dilutions of cDNA to find primer pairs with 100% efficiency that produced a single product. Primers are listed in Supplementary Material.
Cellular fractionation
After treatment with CCCP (2 h, 2 mM), cells were harvested by scraping and centrifuged at 260 g for 4 min and resuspended in 0.5 ml of mitochondrial isolation (225 mM mannitol, 50 mM sucrose, 5 mM HEPES, pH 7.3, and complete protease inhibitor). Samples were pipetted to resuspend and then passed through an insulin syringe for 10 strokes to lyse cells. Nuclei and unbroken cells were pelleted at 1000 g for 10 min at 48C and resuspended in 250 ml of mitochondrial isolation buffer, lysed and pelleted as above. Supernatants were combined and centrifuged at 12 000 g for 10 min. Supernatants from this step were taken as the cytosolic fraction, and pellets washed twice with isolation buffer and pelleted at 12 000 g for 10 min. Mitochondrial pellets were resuspended in 50 ml of 1× cell lysis buffer, 10× cell lysis buffer was added to total fractions for a final concentration of 1× and fractions lysed on ice for 20 min. Lysates were clarified by centrifugation at 16 000 g for 10 min and total protein for each fraction was measured by Pierce 660 nm Protein Assay (Thermo).
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
